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Nomenclature 


aeff  effective  acceleration  vector  field  on  the  LHP 
ar  radial  acceleration  component,  g 

at  tangential  acceleration  component,  g 

az  vertical  acceleration  component,  g 

e  coordinate  axis  unit  vector 

f  acceleration  frequency,  Hz 

g  acceleration  vector  due  to  gravity 

g  acceleration  vertical  component  due  to  gravity,  g 
Q  heat  rate,  W 

Qin  input  heat  rate,  W 

r  position  vector 

r  position  vector  radial  coordinate,  m 

Rref  reference  position;  accelerometer  radial  position,  1.208m  (47.56in) 
l  j  LHP  condenser  end  radial  location,  1.219m  (48. Oin) 

r2  LHP  condenser  end  radial  location,  1.215m  (47. 82in) 

t  time,  min  or  sec 

T  temperature,  °C 

Tcp  cold  plate  coolant  inlet  temperature,  °C 
zr  position  vector  vertical  coordinate,  m 

Greek 

0  angular  position  of  the  position  vector,  degrees 
9\  angular  position  of  the  position  vector  at  rb  0° 

O2  angular  position  of  the  position  vector  at  r2,  16.82° 

a)  angular  velocity  vector 

a)  angular  velocity  vector  component,  rad/sec 
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Subscripts 

l'LHP  radial  component  of  the  acceleration  vector  oriented  on  the  LHP 

yLHP  radial  component  of  the  acceleration  vector  oriented  with  the  accelerometer 

X/j/p  tangential  component  of  the  acceleration  vector  oriented  with  the  accelerometer 

z  vertical  component  of  the  acceleration  vector 

zLHP  axial  component  of  the  acceleration  vector  oriented  on  the  LHP 
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Introduction 


The  loop  heat  pipe  (LHP),  due  to  its  passive  heat  transport  capability,  is  one  potential  solution  for  a  variety  of 
aircraft  thermal  management  challenges  such  as  cooling  power  electronics  components.  At  best,  the  LHP  represents 
the  transport  of  heat  due  to  the  complex  interaction  of  numerous  thermodynamics  forces'.  Its  operation  can  embody 
a  variety  of  dynamical  responses  when  perturbed  by  driving  forces  such  as  evaporator  input  heat  rate  load  and 
temperatures  of  the  condenser  and  compensation  chamber2.  This  dynamical  behavior  can  introduce  either  long-term 
low  frequency  oscillations  or  short-term  dynamics  leading  to  instabilities  resulting  in  LHP  failure.  These  oscillations 
during  LHP  operation  have  been  observed  experimentally,  however,  the  physics-based  modeling  of  the  dynamical 
performance  and  stability  criterion  of  a  LHP  has  been  limited3"7.  In  addition,  the  LHP  can  also  be  sensitive  to 
external  body  forces,  such  as  transitory  acceleration  induced  forces,  that  may  alter  the  LHP  dynamical  performance 
and  stability.  Typically,  the  LHP  has  been  assumed  to  be  insensitive  to  acceleration  induced  forces  due  to  the  design 
and  wicking  properties  of  the  discrete  capillary  structure  within  the  evaporator.  Kus'9  studied  the  effect  of  the 
acceleration  induced  forces  on  the  LHP  operating  temperatures.  When  a  centrifugal  force  was  applied  to  the  LHP,  it 
was  found  that  steady-state  acceleration  induced  forces  altered  liquid/vapor  distributions  within  the  LHP  which 
significantly  influenced  its  performance  and  temperature  oscillation. 

Fleming  et  al.ln  investigated  the  steady-state  performance  of  a  titanium-water  LHP  mounted  on  a  centrifuge  and 
subjected  to  elevated  acceleration.  These  preliminary  experimental  investigations  defined  the  steady-state  operating 
characteristics  of  the  LHP  subjected  to  a  combined  steady-state  input  heat  rate  and  steady-state  acceleration  field.  It 
was  observed  that  the  position  of  the  liquid/vapor  interface  in  the  condenser  was  influenced  by  steady-state 
acceleration  induced  forces.  This  force  induced  position  perturbation  of  the  liquid/vapor  interface  within  the 
condenser  resulted  in  either  enhanced  or  degraded  condenser  performance  depending  upon  the  percentage  of 
condenser  surface  area  opened  up  (length  of  penetration  into  the  condenser).  The  influence  of  acceleration  related 
forces  can  be  dramatic.  For  example,  there  were  instances  in  which  the  evaporator  wick  dried-out  under  lower 
(<500  W)  input  heat  and  acceleration  conditions  compared  to  experiments  where  increased  input  heat  rate  (>500  W) 
coupled  with  higher  radial  accelerations  (up  to  lOg)  resulted  in  stable  steady-state  operation.  However,  with  an 
increased  input  heat  rate,  >500  W,  the  condenser  performance  improved  resulting  in  a  steady-state  operation  for  a 
radial  acceleration  up  to  lOg.  It  was  believed  that  this  reverse  behavior  is  associated  with  a  nonlinear  coupling  of 
thermodynamic  induced  forces  with  the  acceleration  induced  forces  within  the  condenser. 
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The  physical  meaning  of  and  subsequent  LHP  performance  resulting  from  acceleration  induced  forces  on  the 
condenser  operation  is  not  well  understood.  It  is  suspected  that  with  combined  heat  input  and  elevated  acceleration, 
competing  thermodynamic  forces  and  steady-state  acceleration  induced  forces  must  balance  allowing  the  LHP  to 
either  operate  or  fail.  At  best,  the  “normal”  performance  of  a  LHP  involves  complex  coupled  thermodynamics 
associated  with  fluid  thermal  properties  and  thermodynamic  forces  throughout  the  LHP.  In  an  accelerating 
environment,  steady-state  or  transitory,  the  prediction  of  LHP  performance  is  difficult  without  a  thorough 
understanding  as  to  the  nature  of  competing  or  complementing  thermodynamic  induced  forces  with  acceleration 
induced  forces  across  the  entire  LHP. 

This  study  experimentally  investigates  the  effect  of  a  steady-periodic  acceleration  field,  in  the  form  of  a  sine 
wave,  on  the  performance  of  the  LHP.  Specifically,  the  initial  transient  behavior  of  the  LHP  due  to  a  step-increase  in 
heat  input  and  the  steady-periodic  behavior  due  to  a  steady-periodic  acceleration  are  investigated.  In  addition,  a 
series  of  time-dependent  acceleration  equations  were  derived  which  relate  the  time-variant  directionality  of  the 
acceleration  vector  field  to  the  time -variant  directionality  of  the  acceleration  induced  force  field.  Thus,  the 
thermodynamic  induced  forces  can  be  compared  with  the  acceleration  induced  force  distribution  across  the  LHP. 
During  the  course  of  this  research  there  was  a  purposeful  concentration  of  experiments  in  regions  of  marginal 
stability  leading  to  either  a  slow  degradation  of  LHP  performance  and  those  leading  to  a  rapid  LHP  failure. 

Experimental  Approach 

Table  1  shows  the  titanium-water  LHP  design  parameters  as  studied  by  Fleming  et  al.lft  and  used  in  this 
research.  Figure  1  schematically  shows  the  experimental  apparatus  consisting  of  a  2.44-m  horizontal  centrifuge 
table  and  a  titanium- water  LHP.  Figures  la  show  the  centrifuge  table,  data  acquisition  system,  accelerometer,  rotary 
hydraulic  coupling,  and  cool  bath  used  for  the  experiments.  Power  and  instrumentation  signals  were  passed  through 
separated  rotational  slip  rings  to  minimize  electrical  noise  and  interference.  Transient  acceleration  measurements 
were  made  using  a  rectangular  coordinate  system  orthogonal  triaxial  Columbia  (model  SA-307HPTX) 
accelerometer  with  an  uncertainty  of  ±0.0 lg.  The  accelerometer  was  mounted  such  that  the  radial  acceleration 
component  was  aligned  with  y-axis.  The  accelerometer  output  was  consistent  with  a  right-hand  coordinate  system 
with  the  y-axis  and  x-axis  mounted  in  the  radial  direction  and  the  tangential  direction  respectively.  To  ensure  proper 
control  of  the  centrifuge  table  during  the  experiments,  radial  acceleration  profiles  were  digitally  generated,  stored  on 
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a  Fluke  Waveform  Generator  (Model  292),  and  integrated  into  a  LabView  data  acquisition  and  control  program  for 
the  centrifuge  table. 

For  this  experimental  investigation,  an  intermediate  water  coolant  loop  supplied  coolant  to  the  cold  plate  heat 
sink  mounted  to  the  LF1P  condenser.  A  Tek  Temp  cool  bath,  consisting  of  a  pump,  reservoir,  and  liquid-air  heat 
exchanger,  was  operated  external  to  the  centrifuge  in  order  to  provide  sufficient  temperature  control  of  the  water 
coolant  to  maintain  the  cold  plate  inlet  temperature,  Tcp.  Water  coolant  flow,  from  the  cool  bath,  was  supplied  to  the 
centrifuge  through  the  use  of  a  rotating  hydraulic  slip  ring.  The  cold  plate  coolant  flow  rate  was  measured  and 
maintained  at  0.077kg/s,  with  an  uncertainty  to  within  5%,  using  a  calibrated  Sponsler  (model  SP  711-3)  flow  meter 
mounted  on  the  centrifuge  table.  Figure  lb  schematically  illustrates  the  titanium-water  LF1P  and  thermocouple 
locations  monitored  during  the  experiments. 
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Table  1.  Titanium-water  LHP  design  parameters. 


Requirement 

Parameter 

Thermal 

Minimum  Heat  Load 

500  W 

Minimum  Heat  Flux 

3  W/cm2 

Maximum  Operating  Temperature 

200°C 

Condenser  Heat  Sink  Temperature 

5  to  140°C 

Tilt  in  One  G 

±  0  inches,  horizontal 

Conductance 

50°C/W 

Proof  of  Pressure  Test 

3102  psi  (200°C) 

Materials 

Evaporator  Envelope  Material 

Titanium,  CP  Grade  2 

Primary  Wick  Material 

Titanium,  CP  Grade  2 

Secondary  Wick  Material 

Titanium,  CP  Grade  2 

Transport  Line  Material 

Titanium,  CP  Grade  2 

Working  Fluid 

Water 

Fluid  Charge 

300  mL 

LHP  Dimensions 

Evaporator  Footprint 

20.32  x  10.16  cm2 

Condenser  Footprint 

30.48  x  28.58  cm2 

Vapor  Line  Length 

Approx.  243.8  cm 

Vapor  Line  Diameter 

0.9525  OD  x  0.0889  cm  wall 

Liquid  Line  Length 

Approx.  335.3  cm 

Liquid  Line  Diameter 

0.6350  OD  x  0.0889  cm  wall 

Condenser  Line  Length 

Approx.  279.4  cm 

Condenser  Line  Diameter 

0.9525  OD  x  0.0889  cm  wall 

Compensation  Chamber 

Diameter 

6.033  cm  OD 

Length 

11.43  cm 

Chamber  Location 

Coaxial  with  evaporator 

Primary  Wick  Properties 

Effective  Pore  Radius 

9.1  micron 

Permeability 

1.2xl0"12  m2 

Outside  Diameter 

2.286  cm 

Length 

20.32  cm 

Inside  Diameter 

0.8001  cm 

Number  of  Grooves 

6 

Groove  Depth 

0.1524  cm 

Groove  Width 

0.1524  cm 

Secondary  Wick  Properties 

Mesh 

150  x  150 
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Figure  1.  Experimental  schematics  showing  the  (a)  centrifuge,  (b)  titanium-water  loop  heat  pipe 
experimental  setup,  and  (c)  centrifuge  and  accelerometer  coordinate  system  corresponding  to  the 
condenser  mounting  location. 


Temperature  measurements  were  made  using  both  calibrated  type-T  and  type-E  thermocouples  with  an 


uncertainty  of  ±0.05°C.  All  of  the  low  voltage  thermocouple  outputs  were  preconditioned  and  amplified  on  the 


centrifuge  to  minimize  losses  through  the  instrumentation  slip  ring.  Bare  thermocouple  beads  were  mounted  in  place 


with  thermal  grease  and  secured  with  Kapton  tape. 


The  evaporator  input  heat  rate  to  the  LHP  was  provided  using  a  mica  heater  (Minco)  mounted  on  the  evaporator 


and  powered  from  the  output  of  a  Kepco  (model  ATE-150-7M)  power  supply.  Evaporator  heater  power  was 
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determined  from  voltage  measurements  across  a  precision  resistor,  in  series  with  the  evaporator  heater,  with  an 
uncertainty  of  ±2.0%. 

During  the  LHP  operation,  the  compensation  chamber  was  insulated  without  additional  heating  or  cooling. 
Thermocouples  were  mounted  around  the  centerline  circumference  of  the  compensation  chamber  to  measure  any 
temperature  variation  as  a  result  of  fluid  slosh  due  to  induced  accelerations.  The  LHP  was  mounted  in  such  a  manner 
as  to  minimize  the  radial  variation  along  the  length  of  the  LHP.  The  vapor  and  liquid  lines  were  bent  to  maintain  the 
radius  of  curvature  of  the  centrifuge.  However,  the  condenser/cold  plate  and  evaporator/compensation  chamber 
varied  in  radial  location  due  to  their  linear  construction.  This  introduced  an  acceleration  gradient  along  the  length  of 
the  condenser/cold  plate  and  evaporator/compensation  chamber. 

Acceleration  Vector  Field 

Figure  lc  shows  the  centrifuge  coordinate  system  and  the  condenser  mounting  position  used  to  derive  the 
position  vector  and  subsequently  the  vector  form  of  the  acceleration  field  across  the  condenser.  To  align  the  right- 
handed  coordinate  system,  ex,  eyl  ez  ,  with  the  accelerometer  right-handed  coordinate  system,  eXLHP,  eyiHP,  ez,  it  is 
rotated  clockwise  to  align  the  radial  acceleration  component,  r  ,  with  the  y-axis  of  both  coordinate  systems.  The 
linear  region  bounded  by  (rb  0i)  and  (r2,  02)  represents  the  tubular  condenser  region  of  the  loop  heat  pipe.  The 
position  vector,  r,  is  bounded  by  this  linear  condenser  region  and  can  be  described  and  formulated  in  rectangular 
coordinates  by 


r  =  reyLHP  +  %ez  ■ 


(1) 


The  component,  r,  can  easily  be  transformed  in  terms  of  9  where  the  linear  portion  of  the  condenser  can  be 
described  as 


yr  =  axr  +  b, 


(2) 


where 


xr  =  rcos0,  andyr=  rsinB. 


In  terms  of  rb  r2,  and  02; 


(3) 


and 


r2  sin  92 
r2  cos  02  -  r1 
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r1r2  sin  02 
r2  cos  02  -  rt ' 


Substituting  Eqn.  (3)  into  Eqn.  (2); 


yr  =  r  sin  0  = 


(r2  sin  02)(rx  —  r  cos  0) 
Or  -  r2  cos  02) 


where  the  radial  component,  r,  can  be  shown  to  be 


r  = 


/(sin  0)0!  —  r2  cos  02) 


V  (r2  sin  02) 


+  cos  0 


The  position  vector  can  now  be  written  as 


r  = 


^ (sin  9)0!  —  r2  cosfl2) 


0  (r2  sin02) 


+  cos  6 


I  eyiHP  Zrez> 


(4) 


(5) 


where  61  <  6  <  02 

The  effective  acceleration  vector  field  on  the  LHP  becomes 


_  d2  r 
Ueff  ~  d, O 


a  + 


dr\  / do) 
dt)  +  V  dt 


2o)  x  — )  +  (  -7-  x  r  +  0)  x  (&)  x  r) 


(6) 


where  g  —  —gez  represents  acceleration  due  to  gravity.  With  the  LHP  being  affixed  to  the  centrifuge  table, 

dr 

—  =  0, 

dt 

a-eff  =  g  +  [  x  r)  +  o)  x  (o)  x  r)].  (7) 

For  these  experiments,  the  radial  acceleration  is  controlled  as  a  sine  wave  of  the  form,  co2  Rrej-  =  A  sin  27rft  +  B. 
Accounting  for  the  clockwise  rotation  of  the  centrifuge,  the  angular  velocity  vector  becomes 


where 


and 


co  =  —  co  e  ,  = 


( A  sin  2nft  +  B ) 


R 


ref 


(8) 


^ high  ar,0w\ 

2  )’ 
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i47rfcos  2nft 


da ) 

dt 


y jRref  (A  sin  2nft  +  B ) 


(9) 


The  cross  products  in  Eqn.  (7)  can  now  be  evaluated  where  the  final  form  of  the  effective  acceleration  vector  field, 
at  any  given  point  on  the  LHP  as  defined  by  6,  now  becomes 


da) 

leff  =  atg*L„P  +  argVL«P  +  aZgZ  =  r^*XLHP 


+  r(— oi)2eyiHp  +  {-g)ez 
Anf  cos  2nft 


['(sin  fl)(r!  ~  r2  cose2) +  CQS0)  I  \  y/ Rref  {A  sin  27rft  +  B)/ 
(r2  sin02) 


' *LHP 


+  • 


'(A  sin  2nft  +  B)'' 


R 


ref 


^(sin  d)(r1 


r2  cos02) 


(r2  sin  d2) 


+  cos  6 


ymp 


T(  Q)&z 


(10) 


To  determine  acceleration  field  within  the  LHP,  the  coordinate  system  ^xLHP’^yLHp’^z^  as  shown  by  Eqn.  10, 
can  be  rotated  to  align  with  the  radial  and  axial  coordinates,  erLHP,  ezLHP,  ez,  of  the  LHP,  Figure  2.  (Note,  the  radial 
acceleration  component  as  described  is  really  a  transverse  acceleration  component  generated  by  a  combination  of  the 
radial  and  tangential  acceleration  of  the  centrifuge.  For  this  discussion,  this  component  is  acting  normal  to  the 
centerline  of  the  LHP.) 


11 

Approved  for  public  release;  distribution  unlimited. 


A 


Figure  2.  Accelerometer  reference  frame  rotated  to  align  with  the  LHP  radial  and  axial  coordinate  system  for 
(a)  <p  <  90°and  /?  =  (90°  —  <p)  and  (b)  (p  >  90°and  (3  =  ((p  —  90°). 
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Now  from  Eqn.  10, 


aeff  =  a^xLHP  +  ar^yLHp  +  azgz  =  azLHP^zIHP  +  arLHP^rIHP  +  (_5)^z 

for  the  case  where  (p  <  90°and  /?  =  (90°  —  <p); 

azLHP  =  (ar  sin  p  +  at  cos  P) 
and 

arLHP  =  (arcosp-  at  sinp). 

Similarly,  where  (p  >  90°and  /?  =  (cp  —  90°); 

aZLHP  =  (at  cos  P  —  ar  sin  p  ) 
and 

arLHP  =  (at  sin  p  +  ar  cos  p  ). 

The  angle  cp  can  be  determined  by  the  relationship 

(p  =  (9  +  cpi), 

where 


cp1  —  sin 


Figure  3  shows  the  acceleration  components;  axial,  azLHP,  and  radial,  arLHP,  referenced  to  the  LF1P  condenser  for 
varying  position  vector  angle,  0.  Comparing  the  two  endpoint  cases  at  rj  and  r2  where  0=01=0°  and  0  =  02  =16.82° 
respectively,  the  axial  acceleration  components  at  the  condenser  ends  are  acting  in  opposite  and  outward  directions 
with  a  maximum  magnitude  up  to  ~1.5g. 
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Figure  3.  The  radial,  arLHp,  and  axial,  azLHP,  acceleration  components  referenced  to  the  LHP  condenser  for 
varying  position  vector  angle,  0. 

The  axial  acceleration  component  located  at  the  i'i  position  is  slight  greater  which  is  consistent  with  the  fact  that 
i'i  >  r2.  This  may  contribute  to  additional  acceleration-driven  pumping  forces  due  to  acceleration  gradients  down  the 
length  of  the  condenser  during  the  LHP  operation.  It  must  also  be  noted  that  while  the  radial  and  transverse 
acceleration  components  remain  consistent  with  the  transitory  radial  acceleration  generated  by  the  centrifuge,  the 
vertical  acceleration  component  due  to  gravity  also  contributes  and  remains  constant,  az  =  —g. 
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(3)  dlll'K  (3)  •llll'K 


b 


- radial  acceleration,  ar 

- tangential  acceleration,  at 


Figure  4.  Comparison  of  experimental  to  calculated  acceleration  components,  for  0  =  14°,  f  =  0.05Hz,  l.Og  < 
ar  <  10. Og,  where  (a)  the  acceleration  is  obtained  from  the  experimental  accelerometer  and  (b)  the 
acceleration  is  calculated  using  Eqn.  (10). 
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Results  and  Discussion 


Experimental  inputs  and  ranges  were  established  to  be  statistically  consistent  with  a  design-of-experiments 
approach.  There  was  a  purposeful  concentration  of  experiments  in  regions  of  marginal  stability  leading  to  a  slow 
degradation  in  LHP  performance  and  regions  leading  to  either  a  rapid  or  delayed  LHP  failure.  Figure  4  compares 
experimental  to  calculated  acceleration  where  9  =  14°,  f  =  0.05Hz,  and  l.Og  <  ar  <  10. Og.  At  the  angular  position  of 
6  =  14°  the  effective  radius,  Rref=  1.208m  (47.56in),  is  the  same  for  both  the  accelerometer  and  the  LHP  radial 
position. 

Figure  4a  shows  the  radial  and  tangential  acceleration  components  obtained  from  the  experimental 
accelerometer.  The  tangential  component  was  determined  using  the  rate  of  change  of  radial  acceleration,  ar,  to 
calculate  the  tangential  acceleration  component 

dJarJr  AJar/r 

at  =  r - - - =  r - . 

dt  At 

Figure  4b  shows  the  corresponding  acceleration  components  calculated  using  Eqn.  (10).  It  must  be  noted  that 
the  tangential  acceleration  is  not  symmetrical,  implying  that  the  direction  of  rotation  will  potentially  have  an  effect 
on  the  LHP  performance. 

Figure  5  shows  typical  initial  transient  responses  of  the  LHP  without  acceleration.  In  these  cases  the  input 
evaporator  heat  rate,  Qin  =  300W  and  600 W,  were  introduced  as  a  step  inputs.  The  inlet  condenser  cold  plate 
temperatures  were  maintained  at  Tcp  =  31°C  and  56°C.  Key  evaporator  and  condenser  temperatures  and  their 
locations  are  shown  as  a  function  of  operational  time  after  the  step  input  heat  rate  was  initiated.  Prior  to  applying  the 
evaporator  input  heat  rate  the  loop  heat  pipe  was  preconditioned  to  a  constant  cold  plate  inlet  temperature,  Tcp.  For 
the  experimental  run  shown  in  Fig.  5,  the  evaporator  temperature  was  initially  at  ambient  temperature  and  the 
resultant  condenser  temperature  was  due  to  the  fixed  condenser  cold  plate  temperature,  Tcp.  Initially,  the  liquid 
temperature  in  the  vapor  line  (between  the  evaporator  outlet,  TC08,  and  condenser  inlet,  TC09)  is  at  ambient 
temperature.  With  the  application  of  a  step  increase  in  the  evaporator  input  heat  rate,  sensible  heating  occurs 
followed  by  a  gradual  rise  in  evaporator  temperature,  TC04,  and  sudden  rise  in  the  evaporator  outlet  temperature, 
TC08,  as  vapor  exits  the  evaporator.  Due  to  the  increased  pressure  at  the  outlet  of  the  evaporator,  the  cold  liquid  in 
the  vapor  line  is  forced  into  the  condenser  resulting  in  a  sudden  decrease  in  the  condenser  inlet  temperature,  TC09, 
followed  by  a  sudden  rise  in  condenser  inlet  temperature  as  the  vapor  from  the  evaporator  enters  the  condenser.  As 
the  cold  liquid  slug  enters  the  condenser  followed  by  the  vapor,  downstream  condenser  temperatures,  TC10  and 
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TC11,  also  display  a  similar  dynamic  due  to  the  passing  cold  liquid  slug  and  subsequently  increase  as  the  vapor 
penetrates  deeper  into  the  condenser.  Comparing  Fig.  5a  and  5b  one  can  see  the  effects  of  varying  the  evaporator 
input  heat  rate,  Qin,  and  inlet  cold  plate  temperature,  Tcp.  Most  noticeable  is  the  delay  in  the  transient  response  as 
well  as  a  reduction  in  the  active  portion  of  the  condenser  with  decreasing  evaporator  input  heat  rate  and  reduced  cold 
plate  temperature. 

Considering  the  typical  transient  response  of  this  loop  heat  pipe  without  acceleration,  one  can  now  compare  the 
transient  response  with  and  without  the  induced  forces  resulting  from  a  steady-periodic  acceleration.  Table  2  shows 
the  test  matrix  for  the  experimental  portion  of  this  investigation,  including  qualitative  comments  relating  to  the  LHP 
response  characteristics.  For  these  experiments,  the  evaporator  input  heat  rate  was  applied  as  a  step  increase  either 
before,  mode  I  operation,  or  after  initiation  of  the  steady-periodic  acceleration,  mode  II  operation.  The  radial 
acceleration,  ar,  was  controlled  as  a  sine  wave  function  with  a  frequency,  f  =  0.1Hz,  0.05Hz,  0.01Hz,  and  peak-to- 
peak  radial  acceleration,  0.5g  <  ar  <  10. Og.  Once  the  steady-periodic  acceleration  was  initiated,  the  input  heat  rate 
was  varied  as  a  step  increase  from  0W  and  experimentally  maintained  to  within  +/-  5%. 

Initially  the  loop  heat  pipe  was  operated  to  determine  the  time  evolution  of  both  the  evaporator  and  condenser 
temperatures  for  a  fixed  evaporator  input  heat  rate,  Qin  =  300W,  and  inlet  cold  plate  coolant  temperature,  Tcp  =  30- 
35°C,  when  subjected  to  a  steady  periodic  acceleration,  f  =  0.05Hz  and  l.Og  <  ar  <  6.0g.  Figures  6-1 1  show  the  time 
variant  temperatures,  in  five  minute  increments,  across  the  titanium-water  LHP.  The  temperature  measurements 
shown;  consist  of  evaporator  and  condenser  temperatures,  evaporator  outlet  and  condenser  inlet  temperatures, 
compensation  chamber  inlet  (TCI 9  Bayonet  In)  and  outlet  (TC20  Evap  CC)  temperatures. 


17 

Approved  for  public  release;  distribution  unlimited. 


Figure  5.  Typical  loop  heat  pipe  initial  transient  response  without  acceleration  and  subjected  to  (a)  a  step 
input  evaporator  heat  rate,  Qin  =  300W  and  inlet  condenser  cold  plate  temperature,  Tcp  =  31°C  and  (b)  a 
step  input  evaporator  heat  rate,  Qin  =  600W  and  inlet  condenser  cold  plate  temperature,  Tcp  =  56°C. 
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Table  2.  Experimental  test  matrix. 


Mode 
(Start  1 
acce 

operation 
teat  before 
eration) 

Mode  II  operation 
(Start  acceleration  before  heat) 

f  (Hz)/ar  pk- 
Pk  (g) 

Tcp 

(°C) 

Qin 

(W) 

before  accel 

adding  accel 

heat  added 
at  max  ar 

heat  added 
at  min  ar 

0.01Hz/0.5- 

6g 

30- 

35 

600 

Ran 

(Failed) 
*Failed  in  8 
min 

Ran 

*Close  to 
failure 

Ran 

*Close  to  failure 

0.01Hz/0.5- 

10g 

30- 

35 

Ran 

(Failed) 
*Failed  in  7 
min 

(Failed) 
*Failed  in  20 
min 

(Failed) 
^Failed  in  19 
min 

50- 

55 

Ran 

(Failed) 
*Failed  in  18 
min 

Ran 

*Condenser 
open  -75% 

Ran 

*Condenser 
open  ~75% 

0.05Hz/0.5- 

6g 

30- 

35 

Ran 

Ran 

Ran 

0.  lHz/0.5- 
10g 

50- 

55 

Ran 

Ran 

Ran 

0.01Hz/0.5- 

10g 

30- 

35 

300 

Ran 

Ran 

Ran 

Ran 

50- 

55 

Ran 

Ran 

*gradually 
heading 
toward  a 
“delayed” 
failure 

Ran 

*gradually 
heading 
toward  a 
“delayed” 
failure 

Ran 

*gradually 
heading  toward 
a  “delayed” 
failure 

0.05Hz/l-6g 

30- 

35 

Ran 

Ran 

Ran 

0.055Hz/0.5- 

7g 

40- 

45 

450 

Ran 
*  Stable 
operation  no 
periodic 
variation 

0.055Hz/1.0- 

7g 

40- 

45 

Ran 

*  Steady- 
periodic 
condenser 
behavior 

0.055Hz/1.5- 

7g 

40- 

45 

Ran 

*Close  to 
failure; 
condenser 
shut  down 
then  opened 
up 
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Figure  6  shows  thermocouple  data  for  the  initial  5  minute  loop  heat  pipe  response  to  a  300  W  heat  rate  step 
input.  This  transient  response  to  a  step  input  of  evaporator  heat  rate  can  be  compared  qualitatively  to  Fig.  5a,  for  the 
case  without  acceleration.  For  this  case  the  transient  response  is  similar  but  with  the  addition  of  a  superimposed 
temperature  oscillation  due  to  the  periodic  acceleration  profile. 
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Figure  6.  Loop  heat  pipe  initial  temperature  response  for  0-5  minutes.  Evaporator  input  heat  rate,  Qin  = 
300W,  inlet  cold  plate  coolant  temperature,  Tcp  =  30-35°C,  and  steady-periodic  acceleration,  f  =  0.05Hz 
and  l.Og  <  ar  <  6.0g. 


Figures  7-11  show  various  transient  operating  dynamics  over  the  5-40  minute  period  of  operation  in  five  minute 
progressive  increments.  Comparison  of  these  dynamics  clearly  demonstrates  the  extent  to  which  the  motion  of  the 
fluid  within  the  loop  heat  pipe  drives  the  loop  heat  pipe  response  characteristics.  Specifically,  the  steady-periodic 
acceleration  has  been  shown  by  Fleming  et  al.10  to  drive  liquid  oscillation  within  the  condenser,  improving 
performance  over  that  associated  with  steady-state  6-g  acceleration.  Over  time,  a  variety  of  dynamics  evolve  from 
steady-periodic  non-sine  wave  dynamics  to  dynamics  that  are  consistent  in  frequency  of  the  acceleration  sine-wave 
but  with  the  potential  for  phase  shift.  As  an  example,  the  initial  evolution  of  the  steady-periodic  dynamics  of  the 
compensation  chamber  temperature,  TC20,  occurs  within  5-25  minutes  is  shown  in  Figs  7-9.  These  dynamics  are 
periodic  but  the  waveform  characteristics  evolve  with  time  as  seen  in  these  figures. 
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Figure  7.  Loop  heat  pipe  temperature  response  for  5-10  minutes.  Evaporator  input  heat  rate,  Qin  =  300W, 
inlet  cold  plate  coolant  temperature,  Tep  =  30-35°C,  and  steady-periodic  acceleration,  f  =  0.05Hz  and  l.Og  < 
ar  <  6.0g. 


t  (min) 

Figure  8.  Loop  heat  pipe  temperature  response  for  10-15  minutes.  Evaporator  input  heat  rate,  Qin  =  300W, 
inlet  cold  plate  coolant  temperature,  Tep  =  30-35°C,  and  steady-periodic  acceleration,  f  =  0.05Hz  and  l.Og  < 
ar  <  6.0g. 
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Figure  9.  Loop  heat  pipe  temperature  response  for  20-25  minutes.  Evaporator  input  heat  rate,  Qin  =  300W, 
inlet  cold  plate  coolant  temperature,  Tcp  =  30-35°C,  and  steady-periodic  acceleration,  f  =  0.05Hz  and  l.Og  < 
ar  <  6.0g. 

After  30  minutes  the  compensation  chamber  temperature  variation  is  observed  to  have  evolved  to  a  steady- 
periodic  dynamic  at  a  phase  shifted  ar  frequency  as  shown  in  Figs  10-11.  The  loop  heat  pipe  was  then  operated  to 
determine  the  heat  transport  performance  due  to  the  coupling  of  inputs;  evaporator  input  heat  rate,  Qin,  inlet 
condenser  cold  plate  temperature,  Tcp,  acceleration  frequency,  f,  and  radial  acceleration,  ar,  peak-to-peak  values. 
After  the  aforementioned  preconditioning  period,  the  loop  heat  pipe  was  operated  in  two  modes.  The  first  mode 
(Mode  I)  consisted  of  initially  applying  a  step  increase  to  the  evaporator  input  heater  without  acceleration.  After 
approximately  one  hour  of  operation,  the  loop  heat  pipe  was  subjected  to  a  steady-periodic  acceleration.  The  second 
mode  of  operation  (Mode  II)  consisted  of  initiating  the  steady-periodic  acceleration  prior  to  the  applying  the  step 
evaporator  input. 
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Figure  10.  Loop  heat  pipe  temperature  response  for  30-35  minutes.  Evaporator  input  heat  rate,  Qin  = 
300W,  inlet  cold  plate  coolant  temperature,  Tcp  =  30-35°C,  and  steady-periodic  acceleration,  f  =  0.05Hz 
and  l.Og  <  ar  <  6.0g. 


t  (min) 

Figure  11.  Loop  heat  pipe  temperature  response  for  35-40  minutes.  Evaporator  input  heat  rate,  Qin  = 
300W,  inlet  cold  plate  coolant  temperature,  Tcp  =  30-35°C,  and  steady-periodic  acceleration,  f  =  0.05Hz 
and  l.Og  <ar<6.0g. 
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Figures  12  and  13  show  the  mode  I  transient  loop  heat  pipe  response  with  and  without  acceleration,  the  inlet 
cold  plate  temperature,  Tcp  =  31°C  to  56°C,  and  for  an  evaporator  input  heat  rate,  Qin  =  600W  and  300W, 
respectively.  Figures  12a  and  12c  show  the  transient  response  to  a  step  increase  in  the  evaporator  input  heat  rate 
without  acceleration.  Figures  12b  and  12d  show  the  transient  response,  from  steady-state  conditions  for  Qin  = 
600W,  to  a  sinusoidal  radial  acceleration  profile  with  frequency,  f  =  O.OlFIz,  and  peak-to-peak  magnitudes  between 
0.5g  <  ar  <  lOg.  In  both  of  these  cases  the  condenser  shutdown  after  applying  the  steady -periodic  acceleration.  This 
can  be  seen  by  the  sudden  decrease  in  condenser  temperature,  TC11,  indicating  condenser  shutdown.  This  resulted 
in  a  rapid  increase  in  evaporator  temperature,  TC4,  and  subsequent  failure  of  the  loop  heat  pipe.  For  the  case  of  the 
inlet  cold  plate  temperature,  Tcp  =  31°C,  shutdown  of  the  condenser  occurred  within  the  first  cycle  of  the 
acceleration  transient.  Fig.  12b.  Flowever,  with  the  inlet  cold  plate  temperature,  Tcp  =  56°C,  shutdown  of  the 
condenser  occurred  during  the  sixth  cycle  of  the  acceleration  transient;  approximately  eight  minutes  later  than  that 
for  Tcp  =  31°C. 

Similar  to  Fig.  12,  Figs.  13a  and  13c  show  the  transient  response  to  a  step  increase  in  the  evaporator  input  heat 
rate  without  acceleration  for  Qin  =  300W.  Figures  13b  and  13d  show  the  transient  response,  from  steady-state 
conditions  for  Qin  =  300W,  to  a  steady-periodic  radial  acceleration,  sine  wave,  with  frequency,  f  =  O.OlFIz,  and 
peak-to-peak  radial  acceleration,  0.5g  <  ar  <  lOg.  For  both  cases  the  LF1P  operated  as  expected  without 
acceleration.  As  shown  in  Fig.  13b,  the  addition  of  the  acceleration  profile  resulted  in  a  slight  increase  in  the  LF1P 
operating  temperature.  The  condenser  temperature  located  at  TC10  oscillated  with  the  same  frequency  as  the 
acceleration  profile.  This  also  indicated  that  the  liquid-vapor  transition  point  was  located  and  oscillated  around  the 
mounting  position  of  TCI  1.  Flowever,  as  shown  in  Fig.  13d,  with  the  inlet  cold  plate  temperature,  Tcp  =  53°C,  the 
LFIP  failed  to  run  for  a  sustained  period  of  time.  This  was  evidenced  by  condenser  shutdown  approximately  at  the 
20-minute  operating  point  after  initiating  the  acceleration  profile. 
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Figure  12.  Mode  I  transient  loop  heat  pipe  response  to  (a)  a  step  input  evaporator  heat  rate,  Qin  =  600W, 
no  acceleration  and  Tcp  =  31°C,  (b)  a  steady-periodic  radial  acceleration,  sine  wave,  with  frequency,  f  = 
0.01Hz  with  peak-to-peak  amplitude,  0.5g  <ar  <10g  at  steady-state  conditions  for  Qin  =  600W  and  Tcp  = 
31°C,  (c)  a  step  input  evaporator  heat  rate,  Qin  =  600W,  no  acceleration  and  Tcp  =  56°C,  and  (d)  a  steady- 
periodic  radial  acceleration,  sine  wave,  with  frequency,  f  =  0.01Hz  with  peak-to-peak  amplitude,  0.5g  <ar 
<10g  at  steady-state  conditions  for  Qin  =  600W  and  Tcp  =  56°C. 
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Figure  13.  Mode  I  transient  loop  heat  pipe  response  for  an  evaporator  heat  rate  to  (a)  a  step  input 
evaporator  heat  rate,  Qin  =  300W,  no  acceleration  and  Tcp  =  31°C,  (b)  a  steady-periodic  radial 
acceleration,  sine  wave,  with  frequency,  f  =  0.01Hz  with  peak-to-peak  amplitude,  0.5g  <ar  <10g  at  steady- 
state  conditions  for  Qin  =  300W  and  Tcp  =  31°C,  (c)  a  step  input  evaporator  heat  rate,  Qin  =  300W,  no 
acceleration  and  Tcp  =  53°C,  and  (d)  a  steady-periodic  radial  acceleration,  sine  wave,  with  frequency,  f  = 
0.01Hz  with  peak-to-peak  amplitude,  0.5g  <ar  <10g  at  steady-state  conditions  for  Qin  =  300W  and  Tcp  = 
53°C. 
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Figures  14  and  15  show  the  mode  II  transient  LHP  response  in  a  steady-periodic  acceleration  environment  for  a 
step  increase  of  the  evaporator  input  heat  rate,  for  Qin  =  600 W  and  300W,  respectively.  The  steady -periodic 
acceleration  was  generated  as  a  sine  wave  for  the  radial  acceleration  with  frequency,  f  =  0.0 1Hz,  and  peak-to-peak 
radial  acceleration,  0.5g  <  ar  <  lOg.  Figures  14a  and  14c  show  the  evaporator  input  heat  rate  started  at  the 
maximum  acceleration  and  Tcp  =  31°C  and  51°C  respectively.  Figures  14b  and  14d  show  the  evaporator  input  heat 
rate  started  at  the  minimum  acceleration  and  Tcp  =  31°C  and  51°C  respectively.  For  the  cases  shown  in  Figs.  14a 
and  14b,  with  Tcp  =  31°C,  the  LHP  failed  regardless  of  whether  the  evaporator  input  heat  rate  was  started  at  the 
maximum  or  minimum  of  the  acceleration  profde.  When  the  evaporator  input  heat  rate  was  started  at  the  minimum 
of  the  acceleration  profde,  rather  than  the  maximum,  the  condenser  temperature  dynamic  response  appeared  to  be 
somewhat  delayed.  This  is  noted  by  the  dynamical  temperature  response  of  TC09  and  TC10.  The  exception  to  this  is 
the  condenser  temperature  reflected  by  TC11.  At  this  location  in  the  condenser  there  was  an  increase  in  temperature 
followed  by  a  temperature  decrease  that  was  a  precursor  to  the  condenser  shutting  down  with  a  subsequent  failure  in 
LHP  operation.  On  the  other  hand,  when  the  evaporator  heat  rate  was  initiated  at  the  maximum  of  the  acceleration 
profde  there  was  a  significant  delay  in  the  condenser  temperature  dynamic  response  (TC11)  compared  to  the  case  of 
the  evaporator  heat  rate  initiated  at  the  minimum  of  the  acceleration  profde.  However  for  Tcp  =  51°C,  Figs.  14c  and 
14d,  the  LHP  operated  in  a  normal  fashion  with  only  variations  in  the  startup  dynamics.  Of  particular  note  are  the 
variations  in  dynamical  temperature  responses  of  condenser  temperatures  TC09,  TC10,  and  TCI  1  resulting  from  the 
evaporator  input  heat  rate  started  either  at  the  maximum  or  minimum  of  the  acceleration  profde.  These  variations  in 
the  dynamical  temperature  responses  consisted  of  the  narrowing  of  or  broadening  of  the  temperature  spike  due  to  the 
cold  liquid  slug  passing  through  the  condenser.  The  dynamical  temperature  profde  of  TC11  also  showed  a 
significant  delay  in  the  temperature  rise  once  the  liquid  slug  had  passed  the  condenser  location  of  TCI  1.  This  may 
be  due  to  acceleration  induced  forces  impeding  the  liquid-vapor  flow  required  to  open  up  the  condenser  sufficiently 
to  sustain  normal  operation. 

Similar  to  Fig.  14,  Fig.  15  shows  the  evaporator  input  heat  rate,  Qin  =  300W,  initiated  at  either  the  acceleration 
minimum  or  maximum.  Figs.  15a  and  15c  show  the  LHP  initial  temperature  response  when  started  at  the  maximum 
acceleration  with  Tcp  =  30°C  and  52°C  respectively.  Figures  15b  and  15d  show  the  LHP  initial  temperature 
response  when  started  at  the  minimum  acceleration  with  Tcp  =  30°C  and  50°C,  respectively. 
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Figure  14.  Mode  II  transient  loop  heat  pipe  response  for  a  step  input  evaporator  heat  rate,  Qin  =  600W, 
with  a  steady-periodic  radial  acceleration,  in  the  form  of  a  sine  wave,  with  frequency,  f  =  0.01Hz,  and 
peak-to-peak  amplitude,  0.5g  <ar  <10g,  for  (a)  the  heat  input  started  at  max  acceleration  and  Tcp  =  31°C, 
(b)  the  heat  input  started  at  min  acceleration  and  Tcp  =  31°C,  (c)  the  heat  input  started  at  max 
acceleration  and  Tcp  =  51°C,  and  (d)  the  heat  input  started  at  min  acceleration  and  Tcp  =  51°C. 
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Figure  15.  Mode  II  transient  loop  heat  pipe  response  for  a  step  input  evaporator  heat  rate,  Qin  =  300W, 
with  a  steady-periodic  radial  acceleration,  in  the  form  of  a  sine  wave,  with  frequency,  f  =  0.01Hz,  and  peak- 
to-peak  amplitude,  0.5g  <ar  <10g,  for  (a)  the  heat  input  started  at  max  acceleration  and  Tcp  =  30°C,  (b)  the 
heat  input  started  at  min  acceleration  and  Tcp  =  30°C,  (c)  the  heat  input  started  at  max  acceleration  and 
Tep  =  52°C,  and  (d)  the  heat  input  started  at  min  acceleration  and  Tcp  =  50°C. 
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As  shown  in  Figs.  15a  and  15b,  it  was  generally  noted  that  there  very  little  deviation  in  the  transient  of  the  LHP 
response  for  the  inlet  cold  plate  temperature,  Tcp  =  30°C.  However  for  Tcp  =  50°C  and  52°C  (Figs.  15c  and  15d) 
there  was  a  notable  change  in  the  LHP  dynamics  which  led,  in  both  cases,  to  a  slow  degradation  in  performance 
followed  by  a  delayed  failure.  The  differences  in  the  dynamics  can  be  seen  in  both  a  delay  and  widening  of  the 
temperature  spikes  as  the  cold  liquid  slug  is  forced  through  the  condenser. 

Figure  16  shows  the  LHP  response  for  an  increase  in  acceleration  profde  frequency,  f.  Figs.  16a  and  16c  show 
the  transient  LHP  response  without  acceleration  for  a  step  increase  in  the  evaporator  input  heat  rate,  Qin  =  600W, 
and  input  cold  plate  temperature,  Tcp  =  30°C  and  50°C,  respectively.  Figures  16b  and  16d  show  the  transient  LHP 
response  for  the  steady-periodic  radial  acceleration  frequencies,  f  =  0.05Hz  and  0.1Hz,  respectively.  Figure  16b 
shows  the  transient  response  for  a  peak-to-peak  radial  acceleration,  0.5g  <  ar  <  6g,  and  Tcp  =  32°C  while  Fig.  16d 
shows  the  transient  response  for  the  peak-to-peak  radial  acceleration,  0.5g  <  ar  <  lOg,  and  Tcp  =  52°C.  In  both  cases 
there  were  only  slight  variations  in  the  LHP  transient  response  with  and  without  acceleration  as  seen  in  the  figures. 
The  steady-periodic  acceleration  imposed  an  oscillatory  temperature,  as  evidenced  by  the  transient  thermocouple 
(TC9)  response,  most  likely  due  to  the  periodic  fluid  motion  within  the  LHP.  However,  the  acceleration  frequency 
in  these  cases  did  not  appear  to  otherwise  significantly  alter  the  LHP  performance. 
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Figure  16.  Transient  loop  heat  pipe  response  for  an  evaporator  heat  rate  to  (a)  a  step  input  evaporator 
heat  rate,  Qin  =  600W,  no  acceleration  and  Tcp  =  30°C,  (b)  a  steady-periodic  radial  acceleration,  sine 
wave,  with  frequency,  f  =  0.05Hz  with  peak-to-peak  amplitude,  0.5g  <ar  <10g  at  steady-state  conditions 
for  Qin  =  600W  and  Tcp  =  32°C,  (c)  a  step  input  evaporator  heat  rate,  Qin  =  600W,  no  acceleration  and 
Tcp  =  50°C,  and  (d)  a  steady-periodic  radial  acceleration,  sine  wave,  with  frequency,  f  =  0.1Hz  with  peak- 
to-peak  amplitude,  0.5g  <ar  <10g  at  steady-state  conditions  for  Qin  =  600W  and  Tcp  =  52°C. 
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Figures  17-20  show  the  transient  LHP  response  due  to  varying  the  minimum  radial  acceleration,  armin,  for  a 
steady-periodic  acceleration  with  frequency,  f  =  0.055Hz,  with  a  maximum  peak  acceleration,  armax  =  7g.  The 
evaporator  input  heat  rate  was  applied  as  step  increase,  Qin  =  450W,  with  a  cold  plate  inlet  temperature,  Tcp  =  42 
°C.  Figure  17  shows  the  extended  transient  response  for  armm  =  0.5g,  l.Og,  and  1.5g.  Figure  18  shows  the  initial 
transient  response  with  varying  armin.  Figures  19  and  20  show  the  acceleration  driven  transitory  responses  leading  to 
either  a  transitory  partial  condenser  shutdown  or  permanent  partial  condenser  shutdown.  (“Partial  condenser 
shutdown”  in  this  context  refers  to  condenser  operation  where  the  condensation  front  receded  toward  the  evaporator 
and  was  either  permanently  or  temporarily  displaced.  If  permanent  displacement  occurred,  there  was  a  subsequent 
increase  in  the  LHP  evaporator  temperature  consistent  with  reduction  in  condenser  surface  area  available  for 
condensation).  Figures  17-20  also  expand  the  temperature  information  to  include  the  condenser  outlet  temperature, 
TC17,  and  compensation  chamber  inlet  and  outlet  temperatures,  TC19  and  TC20  respectively.  Also  shown  is  the 
compensation  chamber  wall  temperature,  TC21.  The  compensation  chamber  wall  temperature  shown  in  the  plots  is 
one  of  several  thermocouples  mounted  around  the  centerline  circumference  of  the  compensation  chamber.  During 
the  experiments  temperature  differences  around  the  circumference  of  the  compensation  chamber  were  within  the 
thermocouple  calibration  uncertainty.  It  must  also  be  noted  that  due  to  the  linear  construction  of  both  the 
condenser/cold  plate  and  evaporator/compensation  chamber,  the  evaporator/compensation  chamber  is  also  subjected 
to  a  similar  acceleration  gradient  as  the  condenser,  Fig.  3. 
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Figure  17.  Extended  transient  loop  heat  pipe  response  due  to  a  variation  in  the  minimum  radial 
acceleration,  armin,  at  f  =  0.055Hz  and  armax  =  7g  with  a  step  input  evaporator  heat  rate,  Qin  =  450W,  and 
cold  plate  inlet  temperature,  Tcp  =  42  °C,  for  (a)  armin  =  1.5g,  (b)  armin  =  l.Og,  and  (c)  armin  =  0.5g. 
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Varying  the  minimum  radial  acceleration,  armjn,  resulted  in  significant  variations  in  the  long-term  LHP 
performance,  reflected  by  the  plots  of  Fig.  17.  As  shown  in  Fig.  18,  the  initial  dynamical  response  showed  little 
change  when  armin  was  varied.  However,  after  20-30  minutes  the  LHP  exhibited  a  unique  temperature  response, 
Figs.  17a  and  17b,  driven  by  either  a  transitory  partial  or  permanent  partial  change  in  condenser  performance  with 
the  liquid-vapor  front  moving  toward  the  evaporator.  For  the  case  where  armi„  =  1.5g  (Fig.  17a)  the  evaporator 
temperature  increased  toward  a  dry  out  event  but  ultimately  recovered  to  a  stable  operating  condition  although  at  an 
elevated  temperature  consistent  with  a  permanent  partial  condenser  shutdown.  For  armm  =  l.Og,  Fig.  17b,  there  were 
multiple  evaporator  temperature  spikes  possibly  due  to  the  transitory  condenser  operation.  For  this  case  the  LHP 
also  operated  at  a  stable  operating  condition,  although  at  an  elevated  evaporator  temperature.  For  armin  =  0.5g,  the 
LHP  operated  in  a  stable  manner  consistent  with  a  typical  LHP  steady-state  response.  For  all  three  cases,  the 
compensation  chamber  wall  temperature  remained  constant  for  approximately  70  minutes  after  which  there  was  a 
gradual  increase  in  wall  temperature  until  the  LHP  was  experimentally  shutdown.  Experimental  runs  were  repeated 
to  verify  these  observed  anomalies  and  apparent  dependence  on  armin.  The  results  were  found  to  agree  qualitatively 
with  the  results  shown  in  Fig  17. 

Figures  19  and  20  show  the  detailed  temperature  response  during  the  partial  condenser  shutdown  events  while 
varying  the  minimum  acceleration,  armin.  From  these  plots  there  is  not  a  clear  role  for  that  of  the  compensation 
chamber  inlet  or  outlet  temperatures  as  a  dynamic  contributor  to  these  partial  condenser  shutdown  events.  Increased 
thermocouple  placements  on  the  condenser  will  increase  the  spatial  resolution  needed  to  increase  the  transitory 
resolution  to  determine  the  time -variant  liquid-vapor  interface  location.  This  will  help  to  determine  the  time  variant 
sequence  of  events  driving  the  LHP  dynamical  performance. 
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Figure  18.  Initial  transient  loop  heat  pipe  response  to  a  variation  in  the  minimum  radial  acceleration,  armin, 
at  f  =  0.055Hz  and  armax  =  7g  with  a  step  input  evaporator  heat  rate,  Qin  =  450W,  and  cold  plate  inlet 
temperature,  Tcp  =  42  °C,  for  (a)  armin  =  1.5g,  (b)  armin  =  l.Og,  and  (c)  armi„  =  0.5g. 
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Figure  19.  Acceleration  driven  transients  resulting  for  armin=  l.Og  leading  to  a  transitory,  partial  condenser 
shutdown. 
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Figure  20.  Acceleration  driven  transients  resulting  for  armin  =  1.5g  leading  to  a  permanent,  partial 
condenser  shutdown. 
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In  general,  if  one  considers  the  results  of  these  LHP  experiments  to  a  steady-state  radial  acceleration  response 
observed  by  Fleming  et  al.10,  there  appears  to  be  a  correlation  with  the  maximum  steady-state  radial  acceleration  and 
the  peak  radial  acceleration,  armax.  If  the  peak  radial  acceleration,  armax,  is  equal  to  or  greater  than  the  maximum 
steady-state  radial  acceleration,  there  is  a  greater  likelihood  that  the  LHP  will  fail. 

This  is  particularly  true  if  the  minimum  radial  acceleration,  arIllln,  is  increased.  Figure  21  shows  the  steady-state 
performance  plotted  with  the  heat  transported  by  Fleming  et  al.,ft  Also  shown  are  the  ranges  of  the  steady-periodic 
transients  for  the  cases  discussed.  Figs.  17-20.  For  this  current  study,  the  heat  rate  transported  is  on  the  order  of 
70%  of  the  evaporator  input  heat  rate,  Qin,  resulting  is  a  transported  heat  rate  of  approximately  315W.  From  Fig.  21 
the  maximum  steady-state  radial  acceleration  for  this  case  is  between  4g-6g  which  is  less  than  the  peak  radial 
acceleration,  armax  =  7g.  As  such,  there  should  be  an  expectation  that  the  LHP  will  fail  as  the  minimum  radial 
acceleration,  armjn,  is  increased.  For  the  cases  shown  in  Fig.  17  there  were  also  distinct  regions  of  LHP  operation 
with  degraded  performance  as  the  minimum  radial  acceleration,  armjn,  was  increased.  It  may  also  be  possible  to 
correlate  the  maximum  steady-state  acceleration  value  to  the  maximum  peak-to-peak  steady-periodic  acceleration 
using  either  the  root  mean  square  (RMS)  or  average  values  of  the  acceleration  transient. 
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Figure  21.  Steady-state  performance  map  of  the  LHP  relating  radial  acceleration  and  heat  transported  by 
Fleming  et  al.10  showing  the  range  of  the  steady-periodic  transient. 
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Conclusions 


Dynamic  forces  generated  from  acceleration  transients,  when  combined  with  thermodynamic  forces,  can 
significantly  impact  the  dynamical  performance  of  a  LHP.  In  some  cases  acceleration  driven  forces  can  compliment 
thermodynamic  forces  improving  LHP  dynamical  performance.  However,  the  converse  is  also  true  in  that  transient 
acceleration  driven  forces  can  also  counter  thermodynamic  forces.  This  can  result  in  immediate  total  failure  of  the 
LHP  to  operate,  delayed  total  failure,  or  in  some  cases,  in  stable  operation  but  in  a  degraded  condition.  Either  way, 
one  should  clearly  understand  the  nature  of  the  resulting  forces,  i.e.  magnitude  and  direction,  which  are  generated 
from  a  transitory  and  spatial  acceleration  vector  field  and  their  impact  on  the  dynamical  performance  of  two-phase 
thermodynamic  systems  such  as  LHPs. 

Transient  acceleration  frequency  and  peak-to-peak  amplitude  combined  with  the  LHP  operating  history  appear 
to  be  a  critical  factor  in  the  performance  of  the  LHP.  Whether  the  LHP  is  operating  prior  to  or  started  up  after  an 
acceleration  transient  can  result  in  differing  LHP  dynamical  performance  characteristics.  This  is  clear  for  the  case  of 
the  LHP  operating  with  conditions  with  f  =  0.0 1Hz,  Qin=600W,  and  Tcp  =  50°C-55°C,  Table  2.  As  shown  in  LHP 
Mode  I  operation  (Figs.  12c  and  12d)  compared  to  the  Mode  II  operation  (Figs.  14c  and  14d)  the  Mode  I  case  failed 
to  operate  with  the  addition  of  the  acceleration  transient  while  the  Mode  II  case  operated  with  only  a  slight 
temperature  rise. 

In  general,  it  appears  that  under  the  influence  of  higher  acceleration  frequencies  and  peak-to-peak  amplitudes, 
the  less  detrimental  influence  there  is  on  the  LHP  performance.  In  these  cases  there  appears  to  be  an  improvement  to 
LHP  performance,  associated  possibly  with  an  increased  motion  of  condensate  within  the  condenser  driven  by  the 
acceleration  component  collinear  with  the  LHP.  Conversely,  decreased  acceleration  frequency  and  increased  peak- 
to-peak  amplitude  appear  to  have  a  greater  detrimental  influence  on  the  LHP  performance.  This  is  particularly  true 
if  the  magnitude  of  the  acceleration  peak  is  near  to  or  exceeds  a  failure  mode  for  the  LHP  subjected  to  steady-state 
acceleration.  There  also  appeared  to  be  natural  oscillation  of  the  fluid  in  the  condenser  during  the  LHP  operation 
when  subjected  to  steady-state  acceleration  in  frequencies  ranging  from  0.008Hz  to  0.2Hz.  Exciting  these  natural 
frequencies  through  a  transient  acceleration  may  also  lead  to  failure  of  the  LHP  to  operate. 

Conclusions  drawn  from  past  LHP  performance  studies,  with  steady-state  acceleration,  should  also  be 
considered  as  special  cases.  One  should  be  careful  not  to  infer  or  draw  any  conclusions  toward  the  dynamical 
performance  behavior  or  stability  of  the  LHP  in  transitory  acceleration  environments  from  steady-state  acceleration 
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testing.  However,  steady-state  testing  can  provide  valuable  information  regarding  the  operational  limits  of  a  LHP 
provided  one  understands  the  nature  of  the  forces  generated  from  either  a  steady-state  or  transitory  acceleration 


field. 
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